Aims: Increased sympathetic stimulation is known to be arrhythmogenic. Likewise increased loading of the myocardium can directly generate arrhythmias. The interaction between the two on the electrophysiology of the myocardium has not been investigated before. We investigated the effect of dobutamine infusion on the shortening of the monophasic action potential duration secondary to increased loading. This was investigated during steady-state pacing and during an alteration in beat-to-beat interval in the form of a restitution curve. Methods: Pigs were anaesthetised and their hearts exposed. Monophasic action potentials and segment lengths were recorded from the anterior surface of the left ventricle. The loading of the ventricle was increased by transiently occluding the aorta. Steady-state pacing and a restitution curve were performed. Recordings were taken before and during dobutamine infusion. Results: At steady state, increased loading of the heart shortened the monophasic action potential duration by a mean ( f. s.e.m.) of 4.0 (+ 0.5) ms (P < 0.001). During dobutamine infusion this shortening of the monophasic action potential increased. Shortening of the action potential duration increased with the dose of dobutamine up to 10 p,g/kg/min after which a plateau was reached. By comparison to control, dobutamine depressed the electrical restitution curve at short test pulse intervals but did not significantly alter the plateau. Increased loading elevated the initial section of the electrical restitution curve at short test pulse intervals and depressed the plateau in both the control recordings and those taken during dobutamine infusion. Increased loading increased the amplitude of the supernormal phase of the electrical restitution curve in control recordings and those taken during dobutamine infusion. Sympathetic stimulation by dobutamine during the steady state potentiates the effect of mechanoelectric feedback on the myocardium. The effect on the restitution curve varies with test pulse interval. At short test pulse intervals the effect of sympathetic stimulation dominates with only minor antagonistic modification by increased loading. However, at longer test pulse intervals the effect of mechanoelectric feedback is equal to that of sympathetic stimulation and is synergistic with it. Conclusions: The mechanically induced changes we describe in the normal pig heart in situ are relatively small. However, they are in the right direction to possibly contribute to arrhythmia under pathological conditions where mechanical as well as electrophysiological inhomogeneity is prominent.
Introduction
Mechano-electric feedback is widely found in myocardium [l-3] and there is increasing evidence that mechanoelectric feedback may be involved in arrhythmias [4, 5] . The action potential duration and refractory period shorten with increased myocardial load and these changes vary in magnitude in different regions of the ventricle, thus increasing dispersion of refractory periods [6] . Conduction velocity does not change on increasing myocardial loading [7] . One would expect from these studies that the wavelength would decrease and create conditions favourable to re-entry [8] . It has been suggested that mechano-electric feedback may play an important role in arrhythmogenesis in the failing ventricle where abnormal mechanical factors are associated with arrhythmia and sudden death [9] . Increased sympathetic tone [lo] is also associated with the Time for primary review 16 days.
failing ventricle and disturbance of sympathetic activity has been correlated with changes in the effective refractory period in patients with severe clinical arrhythmias [l 11. Sympathetic stimulation accelerates repolarisation, and shortens action potential duration [12] and the refractory period [ 11,131. Although both mechanoelectric feedback and sympathetic stimulation have implications for arrhythmia, their interaction in more physiological situations have not been investigated. Investigation of mechanically activated channels is intensifying [ 14-161, but their relevance to more physiological preparations has sometimes been questioned [17] . We investigated the effect of and interaction between sympathetic stimulation and increased myocardial loading on the duration of the action potential in the intact pig heart in situ.
Method

Experimental preparation
Twenty-three landrace/large white pigs of either sex weighing 18-26 kg were premeditated with ketamine (lo-20 mg/kg) and anaesthetised with intravenous methohexitone sodium via the marginal ear vein. The animals were intubated and ventilated while anaesthesia was maintained with l-1.5% halothane in an equal volume mixture of nitrous oxide and oxygen. Tidal volume was set at levels which maintained physiological values of arterial pH, p0, and pC0, and this was checked by regular blood gas analysis. Arterial pressure was recorded via the left common carotid artery with a 7F Gaeltec micromanometer catheter which was advanced into the aorta. An intravenous cannula was introduced into the right jugular vein for infusion of 0.9% saline solution. The anterior chest wall was removed at the costochondral junctions. The pericardium was opened and the heart supported in a pericardial cradle. A pneumatically operated clamp was placed around the aorta (Fig. 1A) . A 7F Millar MIKROTIP micromanometer cannula, inserted into the left ventricle through an apical stab incision, continuously monitored left ventricular pressure.
Electromechanical recordings
Monophasic action potentials (MAP) were recorded from the anterior surface of the left ventricle near the apex using suction electrodes [18] . These devices consist of a hollow perspex tube of 2.5 mm diameter through which suction is applied for attachment to the epicardium. A thin wire passes through the wall of the tube and joins a silver/silver chloride pellet which makes contact with the epicardium directly. The wire forms one input into a differential amplifier while the other input is derived from a second, external, silver/silver chloride pellet in contact with a circular sponge glued outside the wall of the suction tube. This sponge when soaked with saline forms a wick for stable electrical contact with the epicardium. Using these suction and wick electrodes, monophasic action potential recordings were obtained from localised areas of the epicardium. These electrodes allow ease of placement and recordings for up to 30 min from a single placement. The epicardial segment length was recorded using a tripodal device. Briefly, a tripod made of phosphor-bronze with strain gauges on each leg was attached to the epicardium by suction. Movement of the segment under the device bends each leg, and strains the gauge, to produce a proportional voltage change. The outputs of the three legs are summed. The technical details of this device have been published before [ 18, 191 . The device was calibrated in millimetres using 3 horizontal micrometers at 120" to each other. The outputs of the gauges were linear within the range of movement used.
All the signals were amplified by high-impedance DC amplifiers (Lectromed MT8P) and displayed on a Tektronic 5103 N oscilloscope during the experiment. The signals were stored on magnetic tape (TEAC XR-501) for later analysis and also digitised at 1000 Hz using a Cambridge Electronic Design CED 1401 and IBM PC-AT compatible computer.
Another IBM PC-AT compatible computer was used to control the pacing and apply the pneumatically activated clamp during the restitution curves using a custom written pacing program and an Advantech PCL818 data acquisition card (Fig. 1A ).
Study protocol
To investigate the steady-state rate changes the heart was paced at a beat-to-beat interval of 400 ms for at least 5 min prior to any recordings. The aorta was occluded for 5 s and the shortening of the action potential so produced was measured. To provide sympathetic stimulation, dobutamine was infused and the action potential shortening on increasing load measured at each dose of dobutamine. Dobutamine was used for sympathetic stimulation as its balanced B2 and (Y action on the peripheral vasculature leaves peripheral vascular resistance relatively unchanged. We used a stepwise increase in the infusion rate of dobutamine up to a maximum rate of 25 p.g/kg/min.
In contrast to steady-state changes the electrical restitution curve gives information about repolarisation following transient changes in beat-to-beat interval. The electrical restitution curve is formed by pacing at a steady cycle length and after a fixed number of beats interposing a beat at a different cycle length, the cycle length of the interposed beat is then progressively lengthened or shortened. It provides a standardised way to investigate the effect of transient changes in beat-to-beat interval on repolarisation during interventions. We constructed electrical restitution curves as follows. We paced at a steady cycle length of 400 ms and allowed 5 min to reach a steady state. Following this every 30 beats we interposed a beat at a different cycle length; the coupling interval of the interposed beat was then progressively lengthened. The test pulse interval was the interval from the upstroke of the previous monophasic action potential to the upstroke of the monophasic action potential following the test pulse. The restitution curves started at a test pulse interval of 120-160 ms, which was below the refractory period, and the interval increased by lo-20 ms until 400 ms. Thereafter we increased it by 20-40 ms until escape beats occurred. Action potential duration was plotted against test pulse interval. During the curves with mechanical intervention we applied the aortic clamp 5 beats before the test pulse interval ( Fig. 1B ) and released it 2 beats after the test pulse interval. Pacing trains which were interrupted by spontaneous premature beats or ventricular tachycardia were excluded from analysis. Initially we compared restitution curves with both atrial and then ventricular pacing. However, we found that the early part of the restitution curve could not be determined with atrial pacing and we constructed all restitution curves with simultaneous atrial and ventricular pacing. Only the ventricular-paced restitution curves are presented here. Restitution curves were performed before and during dobutamine infusion (10 kg/kg/mid.
The investigation was performed in accordance with the Home Ofice Guidance on the Operation of Animals (Scientific Procedures) Act 1986, published by Her Majesty's Stationery Office, London.
Data analysis
Data were measured by computer using software custom written by Cambridge Electronic Design, Cambridge, UK. This measured the monophasic action potential duration at 70% of repolarisation, that is the time from the upstroke to repolarisation at 70% of repolarisation. It also measured peak systolic pressure, end-diastolic segment length and the systolic shortening of the segment. The electrical restitution curve is formed from the plotting of test pulse interval (on the x-axis) after the steady-state train of beats against action potential duration (on the y-axis). This was done for recordings taken with and without increased load and with and without dobutamine infusion. The restitution curves were measured as shown in Fig. 2 . The curves were measured at several points: A = earliest test pulse interval at which data were present on both curves; B = 25 ms after A, the point at which the supernormal period was seen to increase; and C = the plateau of the restitution curve. If there was no plateau, then the action potential duration of the latest point on the restitution curve was measured. The curves were also measured at regular intervals along their length as shown by dotted lines in Fig. 2 . The 'supernormal phase' is a phase in the restitution curve usually occurring at the point at which the plateau is reached when the action potential duration, over a short range of test pulse intervals, becomes longer than would be expected if a simple monophasic rise were followed [20, 21] . The height of the supernormal period was measured as the deviation of the restitution curve from a simple, continuously increasing curve drawn through the data points. The maximum slope of the early part of the curve was measured (D in Fig. 2 ) by fitting a 9th order polynomial curve to the restitution curve and differentiating. The height of the supernormal period was measured as the deviation of the restitution curve from a simple continuously increasing curve drawn through the data points. In addition, a computer program was used to measure the restitution curves every 20 ms up to 400 ms and thereafter every 40 ms (lines E-Z in Fig. 2 ). At each point along the restitution curve we calculated the mean and standard error of the action potential duration for the group as well as a paired t-test. Group comparison of restitution curves showed that the steep initial part of the curves occurred at slightly different test pulse intervals. The initial part of the combined curve was dominated by this different occurrence in time in different experiments. This led to an initial slurred phase with wide standard errors which reflected only the occurrence of the initial phases at different times and gave no information about the physiological effect of increased load on the initial phase of the restitution curve. We needed to confirm that this was the cause of the slow initial phase in the summated curve for the whole group and to uncover the physiological effect of increased loading on the initial part of the restitution curve. We thus superimposed the curves using the initial point on the control curve as the reference point and expressed the test pulse interval as relative to the initial test pulse interval of the control curve.
The data are presented as mean ( t-standard error of the mean). If the data were normally distrbuted, the paired t-test was used; if not, the Wilcoxon signed ranks pairs test was used to compare groups. Spearman rank correlation and multiple regression were used to investigate the relationship between variables. 3. Results
Steady state
Occlusion of the aorta increased ventricular systolic and diastolic pressures and segment length with segment excursion decreasing (Fig. 3) . Aortic occlusion shortened the action potential. This is shown in Fig. 4A and 4B . In Fig.  4A following clamping of the aorta the ventricular pressure rises and the effect of this on action potential duration can be seen in Fig. 4B in which the time base has been expanded and an action potential during the aortic clamp (dotted line) has been superimposed over an action potential from before the clamp (solid line). Fig. 4C and 4D are the analogous illustrations during dobutamine infusion in the same experiment and show more shortening of the action potential duration.
Before infusion of dobutamine, increasing loading shortened the action potential duration from 220.0 ms (+ 3.7 ms) mean ( f s.e.m.> to 216.0 ms (+ 3.7 ms). The mean shortening on increased loading was 4.0 ms (kO.5 ms) (P < 0.001). Dobutamine infusion shortened the action potential duration of the group as a whole from 220.0 to 207.1 ms (P = 0.018). During dobutamine increased loading shortened the action potential duration from 207.1 ms (+5.0 ms) mean (+s.e.m.) to 197.7 ms (k4.9 ms). During dobutamine infusion the mean shortening on aortic occlusion increased to a mean of 9.4 ms (50.7 ms) (P < 0.001). This was significantly greater than the shortening of the action potential duration during control (P < 0.001).
The degree of action potential shortening on aortic occlusion for each region as a function of dobutamine dose is shown in Fig. 5 . In a dose-dependent manner dobu- tamine infusion increases the shortening of action potential duration on aortic occlusion (P < 0.001, correlation coefftcient = 0.69).
Dobutamine increases myocardial contractility. Thus the differences in action potential shortening on aortic occlusion with dobutamine infusion could potentially be due to the variation with dobutamine in loading of the myocardium during aortic occlusion. There are many facets to the load changes induced by aortic occlusion; we investigated the three thought to be most important to the mechanism of mechanoelectric feedback-namely, end-diastolic length, systolic shortening and systolic pressure, The decrease in action potential duration during aortic occlusion is related to the increase in peak systolic ventric-ular pressure (correlation coefficient = 0.4, P = 0.006). However, after normalising for the increase in peak systolic ventricular pressure on aortic occlusion a significant relationship is still seen between action potential duration shortening and the dose of dobutamine (correlation coefficient = 0.45, P = 0.001) and therefore the change in peak systolic pressure does not account for the whole change in action potential duration. In the whole group there was considerable variation in the increase in end-diastolic length and the increase was not significantly greater during dobutamine infusion than during control. Systolic segment shortening decreased on aortic occlusion (P < 0.001). The decrease in systolic shortening on aortic occlusion was greater following dobutamine (P = 0.04). However, after normalising the action potential duration for the change in systolic shortening a significant difference in the normalised action potential was still present between the control recordings and those taken during dobutamine (P = 0.024). Using multiple regression the shortening of the action potential duration on increasing loading of the myocardium was significantly related to the dose of dobutamine, the increase in systolic pressure and the decrease in systolic shortening but not the change in end-diastolic length. The electrical restitution curve has two main phases-an initial steeply increasing phase and a more gradually increasing second phase (Fig. 6A) . In Fig. 6A the first phase of the curve starts at a test interval of 250 ms and rises sharply. The more gradual phase starts at 310 ms and continues to a test pulse interval of 620 ms and an action potential duration of 220 ms. The overall curve is rounded and is convex upwards-it approximates a monoexponential although there are minor undulations, especially in the region of the transition between the two phases, suggesting that a monoexponential model is not a totally satisfactory definition. The undulation appears to be due to a 'supermormal' period which is enhanced by increased load.
4.1. The efSect of dobutamine on restitution Dobutamine depresses the restitution curve soon after the origin of the curve (Compare Fig. 6A with Fig. 6B ) up to the plateau of the curve. For the whole group (Fig. 7) dobutamine depresses the origin of the curves (P = 0.001). This also applies at 40 ms after the origin of the curve Normalised Test Pulse Interval (msec) Fig. 7 . All restitution curves in each group presented as the mean value (k standard errors) at particular test pulse intervals which have been normalised with respect to the origin of the control curve. The hollow circles and solid line indicate the control results and the tilled circles and dashed line the results during increased load. The hollow triangles and solid line denote the results taken during dobutamine but without increased loading and the tilled triangles and dashed line the-results during both dobutamine and increased loading.
(P = 0.008) and 80 ms after the origin of the curves (P = 0.003). However, the plateau is not significantly changed (P = 0.32) in the group as a whole.
The effect of increased loading on restitution
Increased loading displaced the restitution curve, but to a lesser degree than that caused by dobutamine especially at short test pulse intervals. Comparing the control restitution curve with that recorded during increased loading (Fig. 6A) , an increased load increased the action potential duration in the initial portion of the curve and decreased the action potential duration of the phase of the curve at longer test pulse intervals. Increased loading in the presence of dobutamine slightly elevated the initial section of the curve and depressed the plateau (Fig. 6B) . In the control group as a whole (Fig. 7) increased loading elevated the initial phase of the restitution curve to longer Test Pulse Interval (msec) Fig. 8 . The supernormal phase of restitution curves before and after aortic occlusion.
The control curve is shown with hollow squares and the restitution curve during increased loading with black squares. (A) The curves before dobutamine infusion.
(B) The curves during dobutamine infusion. Solid symbols denote the control curves and hollow symbols the curves taken during increased loading. action potential durations (at the origin, 183.8 f 5.9 vs. 187.5 f 5.2, P = 0.11; 25 ms after the origin, 204.1 + 3.3 vs. 210 + 3.2, P = 0.003) and displaced the plateau to shorter action potential durations (245.7 f 5.5 vs. 236.6 +_ 5.2, P = 0.002).
The effect of increased loading and dobutamine on restitution
During dobutamine infusion increased loading produced similar effects to those seen without dobutamine infusion (Fig. 7) , displacing the initial part of the restitution curve upwards (149.2 +_ 4.0 vs. 157.8 + 5.3, P = 0.02) and displacing the plateau downwards (233.5 + 7.2 vs. 224.0 f 6.6, P < 0.001). With dobutamine increased loading produced a greater depression of the restitution curve plateau. At short test pulse intervals the effect of increased loading was minor in comparison to the marked effect of dobutamine in reducing the action potential duration. Comparing the effects of normal or increased loading there is no significant difference in the instantaneous slopes of the curves before or during dobutamine infusion in either group.
Increased loading wihtout dobutamine enhances the supernormal period in the restitution curves (Fig. 8A ) (mean + s.e.m. before increased loading 3.4 k 0.5 ms and during increased loading 7.1 & 1.3, P = 0.002). It also enhanced it during dobutamine infusion ( Fig. 8B ) (mean + s.e.m. before increased loading 1.3 rt 0.5 ms and during increased loading 6.3 + 0.9, P < 0.001). That is, despite dobutamine infusion decreasing the amplitude of the supernomral period in the normally loaded group (P = O.Ol), increased loading still increased the height of the supemorma1 period of the restitution curves. However, on a percentage basis mechanoelectric feedback increased the supernormal period to a greater extent during dobutamine infusion.
Discussion
Increased load shortens the action potential duration, but the degree of action potential shortening on transiently increased ventricular loading is greater during dobutamine infusion than with no infusion. This could not be entirely accounted for by the increased degree of change in mechanical parameters which we measured on aortic occlusion with dobutamine infusion. The results suggest that the expression of mechanoelectric feedback increases with sympathetic stimulation. Dobutamine depressed the initial phase of the restitution curve. It increased the effect of increased loading at longer test pulse intervals. Increased loading on its own accentuated the supernormal period. Dobutamine reduced the amplitude of the supernormal period in the restitution curves recorded during normal loading, but did not attenuate the increase caused by increasing load. This means that in the presence of dobutamine there was a proportionately greater increase in the supernormal period caused by increasing load.
Taggart et al. [22] found similar changes in the electrical restitution curve with adrenaline and normally loaded myocardium. In that paper the curves from the apex showed the same depression of the initial phase with little effect on the plateau, although the curves, especially from the right ventricle, showed elevation of the plateau. That study was not concerned with the sympathomimetic effect on the expression of mechanoelectric feedback, the central concern of this study.
The in situ preparation that we used has the advantage of intact reflexes compared to preparations such as papillary muscles. It also has the advantage of being perfused by blood. However, there are also disadvantages. The components of loading are less easily controlled than with a papillary muscle preparation. In the preparation that we used it was not possible to separate the effect of an increase in preload and afterload. An artificiality is that dobutamine accelerated the intrinsic heart rate. It was thus necessary to pace the hearts at a rate faster than the maximum intrinsic rate during dobutamine infusion to allow direct comparison between preparations. Consequently we paced the heart with a cycle length of 400 ms and this may have reduced the magnitude of the changes because the effect of mechanoelectric feedback decreases with increasing heart rate [23] .
The enhanced shortening of the action potential in response to increased load would tend to favour the initiation of re-entry arrhythmias due to a decrease in the wavelength for re-entry and an increase in dispersion of repolarisation. The latter would be because different areas of myocardium would have different mechanical function and sympathetic innervation. However, the small degree of the changes means that their significance for the genesis of arrhythmias is uncertain. As outlined above, our recordings were taken with the heart paced at a cycle length of 400 ms which may have reduced the magnitude of the changes as outlined above. Also Calkins et al. [24] , Homer et al. [25] , and Pye and Cobbe 1261 have provided evidence that the effect of mechanoelectric feedback is greater in pathological situations and so it is possible that these changes may be more important in pathological states. As the initiation of re-entry depends on the dispersion of excitability in the myocardium exceeding a critical threshold, these small changes may be important when added to the dispersion already present in the myocardium, especially following a premature beat [27, 28] . Reiter et al. [29] and Lamers et al. [7] showed that a decrease in duration of inexcitability and hence wavelength is also important in increasing arrhythmia inducibility and modulating the types of arrhythmias seen. Moreover, Reiter et al. [7] report that changes of the same degree as we saw in their experimental system were central to the acceleration of a re-entry tachycardia.
